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HIGHLIGHTS 


. Cross-disciplinary review is performed for showing benefits of green roofs. 

• Green roofs have several benefits for energy, water and pollution management. 

• Experiments show that green roofs must consider specific climatic conditions. 

• Lifecycle analysis ensures the economic feasibility of green roofs. 

• Quantification of the green roof performances needs to consider technical design. 
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Green roofs have been proposed for sustainable buildings in many countries with different climatic con- 
ditions. A state-of-the-art review of green roofs emphasizing current implementations, technologies, and 
benefits is presented in this paper. Technical and construction aspects of green roofs are used to classify 
different systems. Environmental benefits are then discussed mainly by examining measured perfor- 
mances. By reviewing the benefits related to the reduction of building energy consumption, mitigation 
of urban heat island effect, improvement of air pollution, water management, increase of sound insula- 
tion, and ecological preservation, this paper shows how green roofs may contribute to more sustainable 
buildings and cities. However, an efficient integration of green roofs needs to take into account both the 
specific climatic conditions and the characteristics of the buildings. Economic considerations related to 
the life-cycle cost of green roofs are presented together with policies promoting green roofs worldwide. 
Findings indicate the undeniable environmental benefits of green roofs and their economic feasibility. 
Likewise, new policies for promoting green roofs show the necessity for incentivizing programs. Future 
research lines are recommended and the necessity of cross-disciplinary studies is stressed. 
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Nomenclature 



Qg 

latent heat flux bulk transfer coefficient at ground layer 

Qirr 

radiation heat 

Cf 

bulk heat transfer coefficient 

Qconv 

convection heat 

Chg 

sensible heat flux bulk transfer coefficient at ground 

Qevap 

evapotranspiration heat 


layer 

r" 

surface wetness factor 

r 

' ~p,a 

specific heat of air at constant pressure 

Faf 

air temperature with in the canopy 

Ff 

net heat flux to foliage layer (W/m 1 2 ) 

Tf 

foliage temperature 

F g 

net heat flux to ground surface (W/m 2 ) 

Fg 

ground surface temperature 

h 

effective heat transfer coefficient with convec- 

Fc 

temperature of cold space 


tion + radiation 

T s 

temperature of green roof surface 

hfg 

latent heat of evaporation 

Foo 

ambient temperature 

Hf 

foliage sensible heat flux (W/m 2 ) 

Voc 

air velocity 

"g 

ground sensible heat flux (W/m 2 ) 

W af 

wind speed within the canopy 

t 

total incoming short-wave radiation (W/m 2 ) 


albedo (short-wave reflectivity) of the canopy 

total incoming long-wave radiation (W/m 2 ) 

(Xg 

albedo (short-wave reflectivity) of ground surface 

k 

latent heat of vaporization at foliage temperature (J/kg) 

E f 

emissivity of canopy 


latent heat of vaporization at ground temperature (J/kg) 

£ g 

emissivity of the ground surface 

K 

total thermal conductivity 

£i 

E g + E f~ E g' E f 

L 

characteristic depth of green roof 

< Poo 

relative air humidity 

L f 

foliage latent heat flux (W/m 2 ) 

Paf 

density of air at foliage temperature 

Lg 

ground latent heat flux (W/m 2 ) 

Pag 

density of air at ground surface temperature 

LAI 

leaf area index (m 2 /m 2 ) 

0 

moisture content 

m 

evaporation flow rate 

G 

Stefan-Boltzmann constant 

9 a/ 

Qf.sat 

Qg.sat 

Qcond 

mixing ratio for air within foliage canopy 
saturation mixing ratio at foliage temperature 
saturation mixing ratio at ground temperature 
conduction heat 

°7 

fractional vegetation coverage 
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1. Introduction 

It is repeatedly documented that approximately 40% of world- 
wide energy use is associated with the construction and mainte- 
nance of buildings [1-3]. Buildings are also responsible of the 
33% of greenhouse gas emission globally. Due to the high rate of 
energy and resource consumption of buildings, various sustainable 
approaches and environmentally responsive energy efficient tech- 
nologies have been proposed and implemented to realize low-en- 
ergy buildings [2,3], These include advanced eco-technologies, 
energy efficient systems and renewable energy sources. In this 
context, green roofs are often identified as a valuable strategy for 
making buildings more sustainable [3-5], 

Green roofs are also named “eco-roofs”, “living roofs” or “roof 
gardens”, and are basically roofs with plants in their final layer 
[5,6], Green roofs are generally built to enhance the energy effi- 
ciency of their buildings, but many other benefits exist. In fact, 
their vegetation layer realizes photosynthesis processes whereas 
their soil layer allows absorption of rainfall, often resulting in an 
improvement in water runoff quality [7], 

This paper targets to develop a state-of-the-art analysis of envi- 
ronmental benefits of green roofs to help understanding their sta- 
tus, new trends, and potentials. Furthermore, it aims to identify 
multi-disciplinary insights for environmental benefits of green 
roofs. These have often been indicated as complex systems, which 
require collaborative efforts by architects, engineers, horticultur- 
ists, contractors, and urban planners [5,6], The advantages of green 


roofs have determined the attention of different disciplines, with 
the result that research related to them is dispersed among many 
different journals in different fields [8 . By using a multi-disciplin- 
ary approach, this paper claims that the benefits and impacts of 
green roofs are highly interrelated with the goals of sustainable 
buildings [9], Only papers published in the last ten years will be 
considered, with a higher attention to papers appeared after 2008. 

The following section presents an overview of current interpre- 
tations and classifications of green roofs. Section three focuses on 
technical aspects and structure of green roofs. In section four, envi- 
ronmental benefits of green roofs, including energy reduction for 
cooling/heating purposes, urban heat island mitigation, air pollu- 
tion reduction, rainwater management, noise reduction, and eco- 
logical preservation are discussed. Section five focuses on the 
economic feasibility of green roofs and on policies incentivizing 
their implementation. The study concludes by showing future 
directions of research, stressing the identified critical points and 
the respective solutions, and the ultimate potential of green roofs 
for promoting sustainability. 


2. An overview of literature on green roofs 

2.1. Background 

Existing literature shows that several types of green roofs have 
been used in different countries for centuries with confirmed 
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benefits in different climatic conditions and building characteris- 
tics [10,11], The early history of green roofs dates back to the fifth 
century when Babylon’s hanging gardens were implemented [10], 
Green roofs were also utilized in the ziggurats of ancient Mesopo- 
tamia [12], Roman architecture also embraced roof gardens; for 
example, the Mysteries Villa represents such integration and offers 
an example of space that enhances human activities while improv- 
ing aesthetic value and roof life [13], Green roofs have also been 
presented in vernacular architecture in different countries; for 
example, Northern European countries (in particular Norway) used 
green roofs to increase the thermal insulation [4], After many cen- 
turies of rare utilization during the modern age, green roofs have 
been rediscovered in the twentieth century by the Swiss architect 
Le Corbusier who included them in the five points of modern archi- 
tecture [14 . Around the same time, American organic architects 
proposed green roofs as a method to integrate buildings and 
nature. 

A more intensive implementation of green roofs started in Ger- 
man-speaking countries in the 1970s [15], Green roofs gained pop- 
ularity also in France and Switzerland in the same years [15,16], 
Several applications of green roofs in North America have then 
emerged, especially in the area of Portland. It is of the last years that 
Japan has indicated green roofs as a prime technology to decrease 
the urban heat island and promote sustainable buildings 12], The 
recent attention towards green roofs is demonstrated by dedicated 
conferences, associations, and competitions worldwide. Fig. 1 
shows some of the 2012 Green Roofs for Excellence awards. 


Green roofs are often indicated as a valuable solution for resolv- 
ing the issue of the lack of green space in urbanized areas [18 .In 
fact, efficiently designed and integrated green roofs are valid alter- 
natives to replace the lost green spaces and habitats in modern cit- 
ies, and support life behaviors within nature [7j. However, based 
on current literature the energy-related performance of green roofs 
is still the most common benefit for which they are promoted and 
adopted [19-22], Green roofs essentially prevent the penetration 
of solar heat to the covered building components [23-26], Liu 
et al. denoted that “they improve the thermal performance of a build- 
ing through shading, insulation, and thermal mass" [16], Similarly, 
Saiz et al. affirmed “the key property of a green roof is its low solar 
absorptance" [27], Previous energy-related interpretations of green 
roofs coexist with their significance as a space for the development 
of ecological biodiversity, with improved landscapes and enhanced 
air quality 27,28]. Several studies stressed the advantages for ur- 
ban hydrology, storm water quality, and ecological habitats for 
wildlife [26], In particular, several studies have focused on the abil- 
ity of green roofs to mitigate water runoff quantity while improv- 
ing its quality [29, 30], All these advantages will be reviewed in 
Section 3. 

2.2. Possible classification of green roofs 

Green roofs are generally classified as extensive or intensive, 
though some authors include a semi-intensive classification 
[31-34]. An intensive green roof is generally a roof garden with 



Fig. 1. Selected green roofs based on the 2012 Green Roof for Excellence Awards in buildings of different type: residential (1,2); commercial (3,4); institutional (5,6), pictures 
taken from [17]. 
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Table 1 

Classification of green roofs and their main attributes with supporting literature. 


Main attributes 

Extensive 

Intensive 

Source 

Thickness of growing media 

Below 200 mm 

Above 200 mm 

[18,34] 

Accessibility 

Inaccessible (fragile roots) 

Accessible (usable for recreation purpose) 

[18,34,38,39] 

Weight 

60-150 kg/m 2 

Above 300 kg/m 2 (may require a reinforced structure) 

[18,34,38,39] 

Diversity of plants 

Low (moss, herb and grass) 

High (lawn or perennials, shrub and tree) 

[7,18,34,38,41] 

Construction 

Moderately easy 

Technically complex 

[39,41] 

Irrigation 

Often not necessary 

Necessity of drainage and irrigation systems 

[7,38,39,41,43-45] 

Maintenance 

Simple 

Complicated 

[5,28,53] 

Cost 

Low 

High 

[1 1,23,39,49] 


considerable depth of the soil layer, whereas an extensive green 
roof requires less depth of soil and assumes self-maintenance of 
the roof, and less water needs. Classifications into extensive and 
intensive roofs are also based on vegetation type, construction 
material, management and allocated usage [35-37], Table 1 re- 
ports the main criteria of comparison between intensive and 
extensive green roofs. 

Extensive green roofs weigh less and are appropriate for large 
sized rooftops while their construction process is technically sim- 
ple and allows for implementation on sloped roofs. The types of 
plants that can be utilized for extensive green roofs are limited, 
and both the energy performance and storm water management 
potentials are relatively low [15,38], 

On the other hand, in intensive green roofs, various types of 
plants can be implemented to create an appealing natural environ- 
ment with improved biodiversity while also providing recreation 
space. Intensive roofs encompass comparatively better potential 
for improved insulation, enhanced storm water management and 
energy performances. However, their heavy weight may require a 
reinforced structure, and drainage and irrigation must generally 
be utilized increasing the technical complexity and associated 
costs [15,39], 

Deeper green roofs produce lower heat gain and loss, and they 
often have a better thermal performance. A 10 cm increase in soil 
thickness increases the thermal resistance of dry clay soil by 
0.4 m 2 K/W [40], However, the presence and quantity of the water 
largely influence the thermal properties of the green roof. In fact, a 
wet roof provides additional evapotranspiration, which prevents 
the heat flux into the building and acts as a passive cooler by 
removing heat from the building [41-44], Finally, the type of veg- 
etation is crucial [31,45], 

3. Technical aspects of green roofs 

Castleton et al. indicate that the structure of a green roof in- 
cludes the vegetation layer, the growing medium (or soil layer), 
the drainage layer and the membrane layer, which serves as a filter 
and waterproofing layer [23], Many other layers are often required, 
such as the root barrier (generally between the soil layer and the 
drainage one), the irrigation system (within or above the soil layer) 
and supplementary filters [46-48], 

The development of a green roof can use versatile construction 
techniques such as a complete system, a modular system or pre- 
cultivated blankets [15,28,39], The complete system encompasses 
the entire roof while the other two are planted before being inte- 
grated above the rooftop. A comparison of these systems with a 
view to their challenges is reported in Table 2. 

In regards to the possible vegetation types, Cox states that dif- 
ferent plant types could lead varying thermal insulation values 
[5], Different plant choices in green roofs lead to significant varia- 
tions in the thermal insulation value (Fig. 2). 

Sedum, one of the most popular types of plants for green roofs, 
provides high shading against solar radiation, has a short root 


Table 2 

Design construction classification of green roof systems [15,28,39], 


Issue 

Pre-cultivated system 

Modular system 

Complete system 

System 

Pre-planted 

Pre-planted 

Layered system 

Weight 

Low 

Average 

Generally high 

Installation 

Simple and fast 

Simple and fast 

Complex 

Maintenance 

Simple 

Simple 

Complex 

Cost 

Low 

Average 

High 



Fig. 2. Thermal resistance of the same green roof with different plants: Sedum, 
Vinca, and Ryegrass (drawn using data in [5]). 


structure and is compatible with limited water sources [41,42], 
However, it is unable to avoid convective heat transfer under its 
leaves and consequently, it has a low thermal resistance value 
[41,42], On the other hand, Ryegrass allows for much air circula- 
tion but its potential for shading is limited. Vinca guarantees better 
shading compared to the others, but it also allows convective heat 
transfer [6], 

The most important characteristics of the vegetation that influ- 
ence heat transfer of a green roof are plant height, leaf area index 
(LAI), fractional coverage, albedo, and stomatal resistance [19,20], 
The LAI is a representation of the plan-form area coverage of the 
leave. Values of LAI depend on plant type, and are typically in 
the range of 0.5-5. 0. The fractional coverage measures the fraction 
of the roof surface that is directly covered by at least one leaf. This 
parameter governs the radiative characteristics of the soil media 
and, although it is related to LAI, it refers to a different concept. 
The albedo is the reflectivity of the surface to the incident solar en- 
ergy over the vegetation layer. Lastly, the stomatal resistance is a 
biophysical parameter that governs the rate at which the plant 
transpires moisture (the stomata are the intercellular openings be- 
tween epidermal cells on the leaf surfaces, and their closing and 
opening rules of transpiration) [19,20]. 

Simulations in different climates exploring variations in LAI 
have shown that a high LAI (LAI = 5) corresponds to an increase 
of energy consumption in winter and a reduction in summer 
[19,49], 
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Fig. 3. Plantation alternatives for green roof designs, modified from [57], 


Many different alternatives of plantations for green roofs exist 
(Fig. 3). Kohler and Poll recently offered a complete review of com- 
mon plants [50], Comparing many plant types, Maclvor et al. 
found that the dry land plants have higher thermal resistance than 
wetland ones [51]. Sutton et al. scrutinized the effectiveness of 
prairie and grassland species and found that most of the vegeta- 
tion types can successfully perform once sufficient irrigation and 
soil layer depth are provided [52], The study by Schweitzer and 
Erell [53] argues that despite the confirmed benefits of green roofs 
in temperate and tropical regions, it is very challenging to use 
them in extremely hot and dry regions. The respective study has 
analyzed four different alternatives of plantations including Apte- 
nia, Halimione, Sesuvium, and Pennisetum, and has found that Pen- 
nisetum clandestinum encompassed the most significant positive 
effect [53], 

Durhman recommended to use several species of Sedum, 
among which “s. spurius leningrad white, s. acre, s. album bella d in- 
verno, s. midden- dorffianum, s. reflexum, s. sediforme, and s. spurium 
summer glory. Subsidiary species that are present at specific substrate 
depths include s. dasyphyllum burnatii, s. dasyphyllum lilac mound, s. 
diffusum, s. hispanicum, and s. kamtschaticum" [54], Getter and 
Rowe proposed sempervivum and delospermaas for green roofs 


without irrigation [55], Various studies proclaimed that the use 
of diverse type of plantations could be helpful for maximizing 
the effectiveness of green roofs [43,44], However, the selection of 
plant type must be established according to the climatic condi- 
tions, the plant impact on the ecosystems [55,56]. Overall, there 
is a need for research about comparisons among various types of 
plants to provide design guidelines for selecting the most appropri- 
ate plants for a given green roof [55-57]. These researches should 
consider different possible soil depths, local climates, water avail- 
ability, and plant density, as there is often a misunderstanding of 
the impacts of these variables over the environmental of green 
roofs. 


4. Heat transfer in green roofs 

Radiative heat forcing from the sun dominates the energy bal- 
ance of a green roof. The solar radiation is balanced by sensible 
(convection) and latent (evaporative) heat flux from soil and plant 
surfaces, combined with conduction of heat into the soil substrate 
and long-wave (thermal) radiation to and from the soil and leaf 
surfaces. 
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Various studies have analyzed the thermal performance of 
green roofs in different world regions [58,59]. In principle, different 
phenomena occur in green roofs: 

- Soil works as an inertial mass with a high heat thermal capacity, 
high time lag effect and low dynamic thermal trasmittance. 

- Foliage behaves as a shading device under which convection 
provokes heat thermal exchange, but, foliage absorbs part of 
the thermal energy for its vital process of photosynthesis. 

- Soil and vegetative layers induce evaporative and evapotranspi- 
ration cooling. 

Green roofs reflect between 20% and 30% of solar radiation, and 
absorb up to 60% of it through photosynthesis. This means that a 
percentage below 20% of the heat is transmitted to the growing 
medium [60], Weng et al. investigated the correlations between 
the internal temperatures and the plant varieties and found that 
vegetation abundance is effective in adjusting land surface temper- 
ature [60], 

Liu and Minor reported the energy effectiveness of green roofs 
with a heat flow reduction in a range of 70-90% in summer and 
10-30% in winter [61], Moreover, the thermal influence of green 
roof was enhanced (by 3% in the summer) once the depth of grow- 
ing medium was increased and lighter colors were utilized [61], 
An interesting evaluation of the effectiveness of green roofs 
comes by comparing their performance with that of cool roofs 
(roofs with high albedo). Different studies have shown different re- 
sults [62,63], Recently, Sathien et al. compared two test rooms 
with air conditioning and quantified the decreased thermal losses 
for the room with the green roof [64], without being able to define 
if a green roof over performs a cool roof. 

Fang focused on the reduction of thermal losses of green roofs 
and found that the coverage ratio and the leaf thickness are highly 
contributive to the thermal reduction ratio [65], For instance, 
through using Schefflera arboricola, 70% coverage ratio and 
2.25 mm total leaf thickness could lead to 80% thermal reduction 
ratio [65], On the other hand, Qin et al. discussed the ultimate im- 
pacts on the temperature variations of green roofs, and proved that 
green roofs encompass great potential for decreasing the surface 
temperature (reduction of 7.3 °C) and the ambient air temperature 
(reduction of 0.5 °C) [66], 

A determinant aspect for assessing the thermal performance of 
a green roof is the thermal resistance of the roof below the vegeta- 
tion layer: if the green roof is above a well-insulated roof, then the 
green roof energy balance would be decoupled from that of the 
building, and the green roof will have an impact mainly on the ur- 
ban environment. Contrarily, if the green roof is above a less-insu- 
lated roof, then its energy balance significantly affects the building. 


Most of studies treat green roofs similarly to an additional insula- 
tion layer with certain inertia. In this regard, importance lies in 
understanding the different heat fluxes. Fig. 4 shows the main phe- 
nomena happening in a green roof. As it is evident, the behavior is 
complex and the latent heat exchange is a key process. 

To estimate the various heat exchange mechanisms in a green 
roof, it is important to distinguish conductive, convective and 
evapotranspiration heat exchanges [5[. 


<w-k ( 7 V c) 

(1) 

Qevap ^ ‘ fyg-Ts 

(2) 

Qconv = h ■ (Too - T s ) 

(3) 


where the meaning of the symbols are in the legend. Formula (1)- 
(3)do not explicit the different phenomena reported in Fig. 4. Sailor 
proposed a more detailed model that takes into account different 
design options such as growing layer attributes and plant types 
[19], Sailor’s model accounts for the radiative exchanges, the effects 
of vegetation on convective thermal flow, evapotranspiration 
through soil and vegetation, heat transfer through the ground with 
change in soil thermo-physical properties and moisture. The energy 
balances for vegetation (F/,) and ground ( F g ) are: 

F f = a f [4(1 - Of) + e f l\ r - Bfrf] + (T 4 s -T 4 ) + H f 

+ l f (4) 

h = (1 “ o/) [4(1 - <%) + - %<] - (T* g - If) 

+ H g + L g + K^ (5) 

Eq. (4) takes into account the part of solar radiation absorbed by the 
vegetation, and the sensible (H/) and latent (If) thermal flows. These 
are: 

H f = (1.1- LAIp af C p _ air C f W a f)(T af - 7» (6) 

Lf = l f - LAI • p af C f W a ft J '(q af - q f sat ) (7) 

Eq. (5) evaluates the energy balances in the soil. Sailor, recalling 
models typical of atmosphere modeling communities, reports the 
sensible ( H g ) and latent ( L g ) heat exchanges: 

Hg = (Pag C p-airChgW af {T af - T g )) (8) 

L g = C e glgW a fp ag (q a j — q g ) (9) 


Voo 
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Fig. 4. Heat transfer in green roofs (redesigned from [31]). 
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Sailor’s model facilitates the investigation of design options includ- 
ing growing media thermal properties and depth, and vegetation 
characteristics such as plant type, height and leaf area indexes. 
The model was tested successfully using measurements of a green 
roof in Florida. It was since implemented in the energy simulation 
software Energy Plus, and it is also available in the common inter- 
face Design Builder [19], Meanwhile, a recent research by Tab- 
ares-Velasco et al. has presented a green roof model that allows 
predicting also the mass transfer in green roofs [8], Chan recently 
used the overall thermal transfer value of building with green roofs 
in order to measure the total average heat gains [67], 

More recently, through a collaboration involving Portland State 
University, University of Toronto, and Green Roofs for Healthy Cit- 
ies, Sailor developed a web-calculator which allows comparing the 
annual energy performance of a building with a vegetative green 
roof to the same building with either a dark roof or a white roof 
[69]. Nowadays, this calculator allows evaluation of the effect of 
using a green roof in new and old constructions of office and resi- 
dential buildings, and considers precipitation and weather data, 
according to ASHRAE standards. Unfortunately, the web calculator 
is available only for US cities, whereas a similar tool for other coun- 
tries would be particularly useful. 

5. Environmental benefits of green roofs 

Environmental benefits intertwine the types of roofs such as 
ground depth and vegetation type, and the climate. The following 
analysis extensively considers both previous aspects. Table 3 as- 
sists the analysis of the several benefits. 

5.1. Energy consumption reduction 

Green roofs are highly efficient in reducing the variation of in- 
door temperature and decreasing the level of building energy con- 
sumption both in warm and cold climates [23,25], However, the 
building characteristics play an important role in the possible con- 
tribution of green roofs. In non-insulated buildings the impact of 


Table 3 

Environmental benefits of green roofs and main related publications. 


Environmental benefits of 
green roofs 

Source 

Energy consumption reduction 
Decreasing cooling and heating 
loads 

Improvement of air 
temperature 

[18-26,40-42,48,49,58,59,67,74-811 

[16,18-21,25,65,66,73] 

Urban heat island 
Decrease of the urban heat 
island effect 

Reduction of carbon footprints 

[5,26,29,58,59,62,63,84-96,100-102] 

[26,60,88,97] 

Air pollution mitigation 
Enhanced urban air quality 
Mitigation of air pollution 

[26-28,32,101,104.109] 

[20,29,48,100-103,116) 

Water management 
Stormwater management 
Enhanced water run-off quality 
Improved use of rainwater 
Enhancement of urban 
hydrology 

[26,29,33,67-70,110-121,124] 

[33,86,124,125] 

[35,48,119] 

[26,116] 

Sound absorption 
Sound insulation 
Noise absorption 

[128-131) 

[133,134] 

Ecological preservation 
Reduction of habitat lost 
Biodiversity and improved 
landscape 

115,26,29,56,136-139] 

128,38,43,44,53,54,67,140-142,144-146] 


green roofs is much higher than in insulated ones, whereas the bet- 
ter the insulation of the roof, the lower the contribution of the 
green roof. In parallel, the characteristics of the energy load of 
the building (more cooling or heating load) help understanding 
the possible contribution of a green roof [25], 

In warm climates, green roofs potentially reduce the indoor 
temperature through shading the rooftop layer and preventing 
the direct influence of solar radiations [70,71], Simmons et al. sta- 
ted that extensive green roofs possess great potential for the cli- 
mates of subtropical regions with high temperatures and strong 
rain [72], A related study found that in Greece green roofs reduce 
the energy utilized for cooling between 2% and 48% depending 
on the area covered by the green roof with an indoor temperature 
reduction up to 4I< [73]. Many studies in warm climate revealed 
the importance of the climate characteristics, and in particular, of 
the low level of rainfall over night cooling [31], In a recent study 
in Singapore, the temperature variations of a typical roof and a 
green roof were investigated (Fig. 5) [66], The analysis showed 
the positive impact of green roofs on decreasing the variation of 
the surface temperature with respect to the air temperature 
(Fig. 5a), and stabilizing the temperature at different levels in the 
soil (Fig. 5b). 

According to Jim, who analyzed the effectiveness of green roofs 
in the warm and humid climate of Hong Kong (comparing three 
plantations including grass, groundcover herb and shrub), the type 
of plantation in green roofs plays a notable role in cooling effects 
[74] (Fig. 6). The results demonstrate the importance of the plant 
form, type, and biomass structure towards cooling potential. Refer- 
ring to the observed variations in temperature at different levels, the 
study concludes that biomass quantity and complexity are the most 
influential factors over effectiveness for the energy saving [74], 

A recent study by Olivieri et al. in Mediterranean coastal climate 
in summer found that once the density of plants in a green roof is 
increased, although the roof structure substantially insulated (Li- 
vable: 0.24 W/m 2 K), the green roof reduced cooling consumption 
of 60% in comparison to a conventional roof [75], 

The benefits of green roofs in cold climates are globally 
acknowledged, although some authors have found that the insula- 
tion of the roof, besides the green roof structure, may have nega- 
tive effect [18], In a detailed study in Canada, Liu and Baskaran 
showed that the daily surface temperature variation with a green 
roof was approximately 6 °C compared to a variation of 45 °C in 
a typical roof [16]. Based on the application of a green roof, the 
heat gain in summer decreased whereas the reduction of the heat 
loss in winter was found to be advantageous. 

In another study performed in the Midwestern of U.S., with hot 
and humid summers, and cold and snowy winters, researchers 
found that the impacts on the surface temperature and the heat 
flux are highly significant in summer (167% on average) compared 
to the winter (13% on average) [76], The capability of green roofs in 
decreasing the heat flux in winter and summer is illustrated in 
Figs. 7 and 8 respectively. 

Likewise, the respective study recommends increasing the 
depth of growing medium layer and providing irrigation supplies 
for increasing evapotranspiration. Zhao showed that green roofs 
also decrease the heat flow in extreme climates such as in snowy 
winters [77], 

Recently, several studies have looked at the same green roof in 
different climates to explore advantages and disadvantages of the 
same structure. Sun et al. considered two case studies located at 
Princeton University in US and Tsinghua University in China, con- 
firming the effectiveness of green roofs in both locations in reduc- 
ing the surface temperature and heat losses [35], 

Pandey et al. analyzed the cooling effects of green roofs in China 
based on a comparison between two rooms with different rooftop 
structures (green roof versus bare reinforced cement concrete 
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Fig. 5. The temperature variations of bare (a) and a green roof (b) in Singapore over five summer days [66]. 
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Fig. 6. Comparison of diurnal temperature patterns on a typical sunny summer day (4 July 2009) for a control roof (typical) and the three green-roof types (grass, 
groundcover and shrub): (a) air temperature at 200 cm high, (b) air temperature at 20 cm high, (c) infrared surface temperature, and (d) soil temperature [74]. 


slab), and concluded that the utilization of green roofs decreased 
the temperature fluctuations and heat flow through the roof [78], 
Table 4 reports the relatively lower temperature of the room inte- 
grated with green roof. 

Similarly, Spala et al. demonstrated that the integration of green 
roofs in buildings contributes to energy saving purposes in differ- 
ent Greek cities [79], However, the respective findings showed that 
green roofs significantly decreased the cooling loads while their 
influences on the reduction of heating loads, considering the 
heating degree days of that country, was marginal. Furthermore, 
Nardini et al. measured the reduction of the thermal loads through 
the utilization of different plants in green roofs [80], This study 
showed that the substrate depth has a substantial impact on 
decreasing the thermal load, whereas substrate water content 
plays a minor role [80], 

From a lifecycle analysis point of view, a recent study evaluated 
the outcome of a green roof and a white roof for houses in St. Louis, 
MO, in a 10-year period [81], The results indicate that the green 
roof causes more embodied energy in comparison to the white 
roof. Nonetheless, despite the higher consumed level of energy 
for green roof maintenance, the house integrated with green roof 


shows comparatively lower level of energy consumption than the 
house with white roof [81], 

Sailor et al. performed a comparison of energy performance in 
four U.S. cities, Houston, New York City, Phoenix and Portland, 
and showed that the energy performance of green roof resulted 
particularly improved by increases in the plantation density in 
every city [82], 

Key findings derived from the analysis of green roofs with view 
to the energy consumption reduction purposes are summarized in 

Table 5. 

5.2. Urban heat island effect 

Urban growth, especially in developed countries, has resulted in 
various negative environmental consequences, such as the acceler- 
ated rate of increased air pollution, urban heat island (UHI) effect 
and loss of habitats [9,83]. In this regard, green roofs may contrib- 
ute to solve these concerns, as their use is not only beneficial at 
building-scale but it embraces many fundamental benefits at 
city-scale too [84]. One of these benefits is the possibility to miti- 
gate the urban heat island effect [85-88], 
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(A) Winter Sunny, No Snow Cover (21 February2006) 
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(B) Winter Cloudy, Green roof has snow cover, Gravel roof does not (25January2006) 
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(C) Winter Cloudy, both green roof and gravel roof are snow covered (12 December 2005) 
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Fig. 7. Temperature and heat flux in one-day for various environmental conditions during winter: (A) winter sunny, no snow cover; (B) winter cloudy, only green roof has 
snow cover; (C) winter cloudy, both green roof and gravel roof are snow covered. Negative and positive heat flux readings represent heat entering and leaving the building, 
respectively (76). 


The albedo of green roofs ranges from 0.7 to 0.85, a value much 
higher than the albedo of bitumen, tar, and gravel roofs (typically 
from 0.1 to 0.2). Gill et al. showed that an increase by 10% of the 
urban green in Manchester, UK, could avoid the predicted increase 
of 4 K of the ambient temperature over the next 80 years [85], 

Santamouris recently reviewed several mitigation technologies 
to fight UHI effect and remarks that the large-scale application of 
green roofs could reduce the ambient temperature from 0.3 °C to 
3 °C [63], Moreover, by comparing cool and green roofs, he con- 
cluded that for UHI mitigation, cool roofs are generally more effec- 
tive in a sunny climatic condition, than green roofs, whereas green 
roof should be preferable in moderate climatic conditions [63], 
Considered the complexity of this topic, readers are encouraged 
to look at the previous paper for a more complete discussion of 
current knowledge. 

Various studies discussed the possible influence of green roofs 
in urban sustainability reducing the UHI effect [86-88]. Findings 
indicate that the highest impact of green roofs occurs in the hottest 


and driest climates (Fig. 9). Comparing different cities, Alexandri 
and Jones conclude that Riyadh, situated in a hot and dry region, 
would receive the largest temperature mitigation from the use of 
green roofs [84], 

The findings of a similar study show that the highest level of 
contribution of green roofs to the cooling purposes was observed 
during the night, and was 1.58 °C [89]. This study investigated 
the UHI mitigation in comparison to a typical concrete roof and 
confirmed that the monthly temperature above the green roof 
was 1.06 °C lower. 

Similarly, concentrating on the macroscale, Susca et al. con- 
cluded that a maximum reduction rate of 2 °C in New York is pos- 
sible [90], 

The extensive implementation of green roofs for mitigating the 
UHI effect needs a proper analysis of the geometrical configuration 
of the city. Wong et al. have analyzed the issue of over-shading, 
which may occur in high-density cities, such as Hong Kong [91 ]. 
Their simulations showed that half of the area could not receive di- 
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Fig. 8. Temperature and heat flux in one-day period during summer: (A) summer sunny; (B) summer cloudy; (C) summer rainy. Negative and positive heat flux readings 
represent heat entering and leaving the building, respectively [76]. 


Table 4 

Comparison of green roof versus bare reinforced cement concrete (RCC) slab temperature in a hot summer day for outdoor ambient and indoor ambient in two rooms (DBT is the 
dry bulb temperature and WBT is the wet bulb temperature) [78]. 


Time 

Outside air temperature 

Room temperature with the bare RCC slab over the roof 

Room temperature with a roof garden over the roof 

DBT 

WBT 

DBT 

WBT 

DBT 

WBT 

8.00 a.m. 

24.4 

22.2 

21.28 

19.18 

17.88 

15.65 

9.00 a.m. 

30.2 

28 

27.08 

24.98 

23.27 

21.04 

10.00 a.m. 

31.6 

29.4 

28.48 

26.38 

25.28 

23.05 

11.00 a.m. 

33.7 

31.5 

30.58 

28.48 

26.48 

24.25 

12.00 a.m. 

35.2 

33 

32.08 

29.98 

27.98 

25.75 

1.00 p.m. 

38.3 

36.1 

35.18 

33.08 

31.08 

28.85 

2.00 p.m. 

40.9 

38.7 

37.78 

35.68 

33.68 

31.45 

3.00 p.m. 

40.6 

38.4 

37.48 

35.38 

33.38 

31.15 

4.00 p.m. 

36.1 

33.9 

32.98 

30.88 

28.88 

26.65 

5.00 p.m. 

34.2 

32 

31.08 

28.98 

26.98 

24.75 

6.00 p.m. 

31.8 

29.6 

28.68 

26.58 

24.58 

22.35 

Average 

34.2727 

32.0727 

31.1527 

29.0527 

27.2245 

24.9945 
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Table 5 

Comparison of energy consumption reduction in different climatic conditions and main related publications. 


Climatic conditions 

Remarks for energy consumption reduction 

Key references 

Warm climates (or warm 
summer) 

Shading the rooftop layer and preventing the direct influence of solar radiations 

Decreasing the variation of the surface and indoor temperature, stabilizing the temperature 
Reducing peaks of indoor air temperature 
Reducing energy used for cooling purpose 

[66,69- 

71,75,76,79,83] 

Warm and humid climate 

Daily temperature variations largely depend on the soil depths 

[13,40,74,83] 

Warm and dry climates 

Effectively reduce the outdoor air temperature and cooling the indoor ambient temperature 

[132] 

Subtropical climates 

Great potentials for reducing the high temperature 

[7,72] 

Cold climates (cold and snowy 
winters) 

Reduction of daily temperature variation 
Reducing the heat flow 

Impacts on the surface temperature and the heat flux 
Decreasing the heat flow 

Doubtful energy performance for green roofs in winter (both positive and negative impact on energy 
consumption are reported) 

[16,61,77,83] 


rect sunlight in the period of winter-spring and 5.8% of the total 
roof zone was deeply compromised due to over-shading phenom- 
enon especially during the winter [91], 

Smith and Roeber focused on the possible effect of green roofs 
on the UHI in Chicago and concluded that the urban temperature 
from 7 to 11 pm could decrease with the range of 2 I< or 3 K [92], 
A similar study by Savio et al. in New York, reports that the tem- 
perature at 2 m height decreased between 0.37 and 0.86 K 
whereas, the daily average temperature reduction rate between 
0.3 and 0.55 K [93]. Simulations in Japan and China claim that 
the reduction impacts on urban temperature are minor [94,95], 

A recent trend in this field is the analysis of different green roofs 
in various solar radiation intensities to measure the latent heat re- 
leases. Takebayashi and Moriyama conclude that green roofs sub- 
jected to a peak solar radiation intensity of 900 W/m 2 could 
result in 300-400 W/m 2 latent heat release [62]. Lazzarin et al. 
claim that in the same solar radiation intensity, dry roof and wet 
roofs result in 110 and 230 W/m 2 latent heat release respectively 
[96]. On the other hand, Feng et al. report 600 W/m 2 of latent heat 
release upon the use of extensive green roofs [97], Meanwhile, Re- 
zaei and Berghaghe et al. represent that in solar radiation intensity 
of 1000 W/m 2 , shrubs result in 150 W/m 2 while grass result in 
100 W/m 2 latent heat release [98,99]. To conclude, it is evident 
that green roofs significantly contribute to the latent heat release, 
while the variations in the findings and the calculated values show 
the need for future. On average a reduction of 2 °C finally been 
found, but following the recent review by Santamouris, an interval 
between 0.3 and 3 should be expected [63], 

A comparison of key findings derived from the analysis of green 
roofs with view to the UHI mitigations is reported in Table 6. 


5.3. Air pollution mitigation 

Intensive green roofs have often been considered able to reduce 
air pollution. In fact, growing plants on rooftops partially substi- 
tutes the vegetation demolished during construction. 

Currie and Bass revealed that trees are the most influential 
plants for reducing air pollution [104], They modeled the effective- 
ness in reducing the air pollution based on an urban forest effect 
model in Chicago and Detroit, and found that 109 ha of green roofs 
would contribute to 7.87 metric tons of air pollution removal per 
year [117]. Similarly, Deutsch et al. utilized an urban forest effect 
model for Washington DC and confirmed the potential of green 
roofs for pollution removal [105]. Likewise, Yang and Bass pre- 
sented promising results of experimental research for air pollution 
mitigation in Chicago. The potential of green roofs for reducing the 
air pollution of NO x , S0 2 and PM 10 is reported by Speak et al. [106], 
Similarly, Tan and Sia investigated the level of air pollutions (in 
particular, sulfur dioxide) before and after integrating green roofs 
in Singapore: the findings reveal up to 37% pollution removal upon 
extensively utilizing green roofs [107], 

Another possible way to assess the benefits of green roofs on air 
pollution mitigation is by evaluating their capability towards en- 
ergy saving of building and UHI reduction. As UHI increases radiant 
temperature and cooling loads of buildings, thus, the effectiveness 
of green roofs in reducing the heat island will indirectly result in 
reducing UHI [63]. Many studies evaluated how the decrease of en- 
ergy consumption through green roofs would reduce the level of 
pollution indirectly [108,109], 

A comparison of key findings derived from the analysis of green 
roofs with consideration to air pollution mitigation is reported in 

Table 7. 


Decrease of air temperature 1 m above the roof 



— *— Athens 
Beijing 
— — Brasilia 
— *— HongKong 
London 
—sis— Montreal 
— • — Moscow 
■ Mumbai 
— i — Riyadh 


Fig. 9. Air temperature decrease at 1 m above the roof during a hot day once green 
roofs are extensively implemented in different cities worldwide [84], 


5.4. Water management 

Many authors indicate the reduction of storm water runoff as 
the most important environmental benefits of green roofs 
[110,103], Several others emphasized the role of water availability 
in the design of green roofs and its roof plants, and often focused 
on plant types in conditions with low water availability 
[29,43,114], The roof slope influences the level of runoff retention 
potential and has also received increasing attention [111,115], 

DeNardo et al. and VanWoert et al. showed that green roofs 
could lead to 60% runoff mitigation for extensive green roofs and 
up to 100% for intensive green roofs [116], Lower values, in the 
range between 25% and 50%, were found in other researches 
[117-119], VanWoert et al. compared the level of stormwater 
retention for three different roof structures including a conven- 
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Table 6 

Comparison of urban heat island mitigation effect obtained in different types of study and main related publications. 


Type of study 

Concluding remarks for UHI reduction 

Key 

references 

Experimental 

observation 

Reduction of temperature by 1.5-2 °C on average, with higher impact in the hottest and driest climates 
Large-scale application of green roofs could reduce the ambient temperature from 0.3 °C to 3 °C 

Macro-scale application of green roofs could lead to the mitigation of the urban heat island effect and a maximum reduction 
rate of 2 °C 

[85-88] 

[63J 

[90,91] 

Table 7 

Comparison of air pollution mitigation in different types of study and main related publications. 

Type of study 

Remarks for air pollution mitigation 

Key 

references 

Case study 

Analysis based on UFORE 
model 

Green roofs indirectly reduce air pollution by reducing the urban heat island effect and the building energy 
consumption 

Trees are the most effective plants in removing NO x , S0 2 and PMi 0 

109 ha of green roofs contribute to 7.87 metric-tons of air pollution removal per year 

Up to 37% pollution removal upon extensively utilizing green roofs 

[101-108] 

[100] 

[104] 

[107] 


tional roof, an extensive green roof without plantation and an 
extensive green roof with plantation [117], As a result, the level 
of stormwater retention was improved by 82.8% for the extensive 
green roof [117]. A recent study has compared three types of roofs 
including a conventional roof, a traditional green roof and an 
extensive green roof integrated with drainage system [120], The 
results show that the traditional green roof has the potential to de- 
crease the peak runoff to 57% while the extensive green roof 
encompasses a 71.7% potential reduction of the peak runoff. Recent 
research by Mickovski et al. [121] compared the effects of green 
roofs with respect to surface runoff for three types of vegetation 
(long grass, short grass and Sedum) as illustrated in Fig. 10. The 
findings show that Sedum encompasses the lowest impact on sur- 
face runoff volume [121], 

According to Roehr and Kong, comparing three case studies in 
Vancouver, Kelowna (Canada), and Shanghai, a yearly runoff reduc- 
tion of 29%, 55% and 100% was observed respectively [122], 

The impact of green roofs towards storm water runoff also has 
considerable effects on the water run-off quality [123]. Compared 
to traditional roofs, intensive green roofs reduce runoff concentra- 
tions of lead by a factor of 3, zinc by a factor of 1 .5, cadmium by a fac- 
tor of 2.5, and copper by a factor of 3 [86]. However, Vijayaraghavan 
et al. showed that the specific nature of runoff quality from green 
roofs is highly dependent on the green roof components and nutri- 
ent concentrations in runoff decrease in time after installation [124], 
Moreover, there are questions regarding the impact that green roofs 
have on phosphorus content of the water 33,125], For example, 
Vijayaraghavan et al. showed that concentrations of phosphate 
and nitrate from green roof can be high ] 124]. 

A recent research at the Worcester Polytechnic Institute (MA, 
USA) has investigated the quality of water runoff. Comparisons of 
grab samples of stormwater from a green and a non-green roof 
within the first few seasons following installation confirmed that 
phosphorus was leaching into the runoff of the green roof. Addi- 
tional experiments with simulated rainfall confirmed that complex 
biogeochemical processes between the water, vegetation and soil 
matrix affect. However, while many green roofs have been found 
to leach phosphorus into stormwater runoff within the first few 
years after installation, it is normally assumed that this phenome- 
non will not continue after the green roof vegetation has been 
established phosphorus and other constituent concentrations in 
the runoff [126,127]. Further research regarding the role of green 
roofs in water management is necessary for ensuring a consistency 
in the findings. 



Fig. 10 . Experimental comparison of surface runoff volume in different green roofs 
for different rainfall duration [121], 

To conclude, key findings derived from the analysis of green 
roofs with view to the role of water management are reported in 

Table 8. 

5.5. Sound insulation and noise reduction 

Green roofs have often been proposed for their potential related 
to sound absorption and noise insulation [128-132], Referring to 
the transmission loss (TL) as the extent of sound level decreased 
through partitions, an empirical analysis concluded that green 
roofs increase TL from 5 to 13 dB at low and mid frequencies, 
and from 2 dB to 8 dB at high frequencies [131], 

A recent study has measured the sound transmission loss of a 
reference roof (conventional type) and two green roofs [132], 
These were identical with the only difference in the depth size of 
substrate (75 mm for GR1 and 150 mm for GR2). The analysis re- 
vealed that the increase of TL through GR1 at different frequencies 
was less consistent while the respective increase of TL through GR2 
was more reliable. The findings also demonstrate that deep green 
roof increased the transmission loss from 5 dB to 13 dB at low 
and mid frequency bands (50-2000 Hz), and of less than 6 dB at 
higher frequencies [132], 

Additionally, with focus on urban scale, based on the experi- 
ments of Yang et al. and Connelly et al., it is proven that green roofs 
considerably decrease the noises at street level in urban areas 
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Table 8 

Remarks of water management according study and main related publications. 


Type of study Remarks for water management Key references 

Experimental measurement Reduction of storm water runoff varies between 60% and 100% [111-116] 

Decreasing the slope and increasing the depth of growing layer is highly promising for runoff [117] 
reduction 

Experimental measurement and climatological Important relationships (and issues) exist between green roof type and water quality [124,33,125- 

model 127] 


Table 9 

Substances needed and released due to the production process of non-recycled (above) and recycled polymers (below) [38], 


LDPE 




PP 




Substance 

Media 

Unit 

Amount 

released 

Substance 

Media 

Unit 

Amount 

released 

Radon-222 

Air 

Bq 

298 

Radon-222 

Air 

Bq 

198 

Noble gases, radioactive, unspecified 

Air 

Bq 

134 

Noble gases, radioactive, unspecified 

Air 

Bq 

91 

Heat, waste 

Air 

MJ 

27 

Heat, waste 

Air 

MJ 

21 

Hydrogen-3, Tritium 

Water 

Bq 

6 

Hydrogen-3, Tritium 

Water 

Bq 

4 

Carbon dioxide, Fossil 

Air 

kg 

2 

Carbon dioxide, Fossil 

Air 

kg 

1.7 

Energy, potential (in hydropower reservoir), 
converted 

Raw 

(input) 

MJ 

0.9 

Oil, crude, in ground 

Raw 

(input) 

kg 

1 

Oil, crude, in ground 

Raw 

(input) 

kg 

0.9 

Gas, natural, in ground 

Raw 

(input) 

m 3 

0.6 

Gas, natural, in ground 

Raw 

(input) 

m 3 

0.8 

Energy, potential (in hydropower reservoir), 
converted 

Raw 

(input) 

MJ 

0.30 

Energy, gross calorific value, in biomass 

Raw 

(input) 

MJ 

0.4 

Energy, gross calorific value, in biomass 

Raw 

(input) 

MJ 

0.2 

Coal, hard, unspecified, in ground 

Raw 

(input) 

kg 

0.1 

Coal, hard, unspecified, in ground 

Raw 

(input) 

kg 

0.08 

Radioactive species 

Air 

Bq 

3,639,724 

Additives 

Raw 

(input) 

kg 

3,763,977 

Radioactive species 

Water 

Bq 

33,441 

Scandium 

Air 

kg 

3,729,724 

Radon-222 

Air 

Bq 

297 

Acids 

Raw 

(input) 

kg 

317 

Noble gases, radioactive, unspecified 

Air 

Bq 

133 

Waste in bioactive landfill 

Solid 

waste 

kg 

21 

Heat, waste 

Air 

MJ 

27 

Phosphate 

Water 

kg 

1.8 

Hydrogen-3, Tritium 

Water 

Bq 

6 

Formaldehyde 

Air 

kg 

0.50 

Energy, potential (in hydropower reservoir), 
converted 

Raw 

(input) 

MJ 

3.5 

Fluoride 

Air 

kg 

0.40 

Carbon dioxide, Fossil 

Air 

kg 

2 

Boron 

Water 

kg 

0.10 

Oil, crude, in ground 

Raw 

(input) 

kg 

0.9 

Hydrocarbons, aliphatic, unsaturated 

Air 

kg 

0.08 

Gas, natural, in ground 

Raw 

(input) 

m 3 

0.8 

Glyphosate 

Soil 

kg 

0.05 


thanks to the high absorption coefficient of the vegetation layer 
[133,134], This benefit is more evident in green roofs above low 
buildings, because the vegetation layer should be exposed to the 
direct urban sound field to be an effective absorptive surface. 

5.6. Ecological preservation 

Various studies indicate benefits of green roofs related to envi- 
ronmental quality enhancement and ecological preservation 
[26,103], Peng and Jim [135] highlight the important role of 
large-scale green roofs in urban ecology, but describe the difficulty 
of measurement methods of these benefits. Bianchini and Hewage 
propose the use of life-cycle analyses to show the environmental 
benefits of green roofs by comparing emissions of N0 2 , S0 2 , 0 3 
and PM 10 in green roof material manufacturing process, such as 
polymers, with the green roofs pollution removal capacity. The 
analysis demonstrated that green roofs are sustainable products 
in long-term basis. In general, air pollution due to the polymer pro- 
duction process can be balanced by green roofs in 13 years [136], 
Various studies have focused on the impact of green roofs towards 
enhancing the biodiversity and reduction of habitat losses [136- 
143], 


Recently, the concept that green roofs has often been associated 
to the enhancement of urban agriculture, especially vegetable pro- 
duction [144,145], Chen stresses the public impact of green roofs 
utilization for the creation of urban gardens [26], 

Green roofs have been criticized for the adoption of bitumen 
layers in their structures. On this regard, the water resistance layer 
is generally accused not to be an eco-friendly material. In this re- 
gard, the study by Bianchini and Hewage performed a lifecycle 
analysis comparison between two polymer materials used in green 
roofs as recycled low-density polyethylene (LDPE) and non-recy- 
cled low-density polyethylene (LDPE) was done [136 . The findings 
explicitly show that the use of recycled type leads to 2.8 times less 
toxic substances to air. Likewise, it is inferred that the toxic con- 
centration of nitrogen dioxide (N0 2 ), sulfur dioxide (S0 2 ), ozone 
(0 3 ) and particulate matter (PM 10 ) derived from the use of non- 
recycled LDPE are comparatively greater than those released by 
recycled type, as reported in Table 9 [38], 

Existing researches done through a life cycle analyses of green 
roofs found that extensive green roofs corresponds to lower level 
of toxic substances than intensive ones. However, intensive roofs 
usually have bigger plants and higher air dilution rates. In conclu- 
sion, the pollution from the production process of the green roofs 
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Table 10 

Annual money saving and simple payback period for different roofing solutions in various European climates [49], 


Annual money saving and simple payback period for different roofing solutions 



Tenerife 


Sevilla 


Rome 


Amsterdam 

London 


Oslo 


Annual 

saving 

(€) 

Simple 

payback 

(year) 

Annual 

saving 

(€) 

Simple 

payback 

(year) 

Annual 

saving 

(€) 

Simple 

payback 

(year) 

Annual 

saving 

(€) 

Simple 

payback 

(year) 

Annual 

saving 

(€) 

Simple 

payback 

(year) 

Annual 

saving 

(€) 

Simple 

payback 

(year) 

Traditional 

_ 

- 

_ 

- 

- 

- 

- 

- 

_ 

- 

- 

- 

Cool roof 

2330 

8.5 

1736 

11.4 

1494 

13.2 

373 

52.9 

410 

48.1 

310 

63.7 

Sedum short 

-1296 

Negative 

-951 

Negative 

-350 

Negative 

161 

488.8 

22 

>500 

333 

236.8 

Sedum tall 

- 670 

Negative 

-267 

Negative 

-28 

Negative 

-56 

Negative 

3 

>500 

551 

143.2 

Grass lawn 

-772 

Negative 

-163 

Negative 

-47 

Negative 

71 

>500 

53 

>500 

529 

185.5 

Short gramineous 

-594 

Negative 

-133 

Negative 

9 

>500 

1 

>500 

6 

>500 

505 

146.4 

Tall gramineous 

-393 

Negative 

31 

>500 

18 

>500 

-363 

Negative 

-170 

Negative 

528 

140.1 


polymers are generally balanced by green roofs benefits in the long 
term. 

Experiments to explore the use of rubber crumbs in green roofs 
as drainage layer are getting momentum. Rubber crumbs could 
save a big amount of energy in comparison to the use of current 
commercial materials due to the difference in energy need of the 
transformation process and could provide a solution to the prob- 
lem of disposing waste tires [147], 

6. From Economic Feasibility To Incentivizing Policies 

6.1. Economic feasibility and lifecycle cost analysis 

Various studies have discussed the economic benefits of green 
roofs through lifecycle cost analysis, [27,148,149]. The economic 
feasibility of green roofs is particularly influenced by the selected 
green roof systems, and in particular, by the type of plants. For 
example, the life extension of waterproofing layers through the 
application of green roofs is often sufficient to ensure the economic 
feasibility of green roofs. In fact, if the waterproofing layer of a nor- 
mal roof approximately lasts between 10 and 20 years, green roofs 
could ensure a life beyond 50 years [27,31,70], 

One of the economic barrier to the adoption of green roofs 
comes from the fact that most of the benefits of a green roof 
are restricted to the highest level [31], Wong et al. showed that 
using a life cycle evaluation the cost of an extensive green roof 
in Singapore resulted in 14.6% lower than of a traditional roof 
[82]. Findings of another study indicate that correctly designed 
green roofs are generally economically feasible [48], However, a 
barrier is often the lack of rainfalls, as for example in Southern 
European cities [49]; on the contrary, in Northern Europe 
(Amsterdam, London, and Oslo), the abundance of rainfall implies 
satisfactory performance by the different vegetation typologies 
(Table 10). 

The low adoption of green roofs in many countries has hence 
been related to the lack of economy of scale and expertise 

[148,151], 

All previous analysis only considered energy saving and con- 
struction costs without evaluating the many other benefits (air 
pollution reduction, ecosystem conservation, water management, 
noise reduction) which are difficult to quantify. A preliminary life- 
cycle cost analysis expanded to consider the level of environmental 
impacts of development, creation, integration, and maintenance is 
reported in [86], 

If the feasibility of green roof in new buildings has shown 
contrasting results, retrofitting existing buildings with green 
roofs is more often a successful strategy with many economical 
benefits [23], This conclusion results from the common low insu- 
lation of old buildings and the convenience in increasing the 


thermal resistance with a green roof. In retrofitting the existing 
buildings with green roofs, the issue of increase of dead loads 
and structural failure is often perceived as an obstacle. However, 
for buildings with reinforced concrete slab or profiled steel deck- 
ing, additional structural modifications are not needed as these 
structures can withstand 5-10 kN/m 2 of dead load, which is ade- 
quate to support a green roof with a growing medium up to 
80 cm [23], 

A summary of the economic benefits and barriers of green roofs 
is reported in Table 11. 

6.2. Policies for green roofs 

Considering the high-energy consumption and environmental 
of buildings, many policies worldwide are encouraging more sus- 
tainable buildings and often through the application of green roofs 
[152-155]. These policies generally consists in financial incentives 
or in reduced storm water or propriety fees. Ecological compensa- 
tion in terms of density bonus are often promoted. These guarantee 
the possibility of exceeding the footprint area of the surface area 
and/or the number of stories allowed if a certain environmental 
equalization of green roof is included. 

A law in Tokyo requires the installation of green roofs in pri- 
vate buildings with built areas larger than 1000 m 2 and in public 
buildings with built areas larger than 250 m 2 , while integrated 
green roofs must encompass not less than 20% of the whole roof- 
top area [156], Germany is supporting the construction of 
13.5 million m 2 of green roofs per year [29 . For instance, in Ess- 
lingen, 50 % of the cost of green roofs is paid back, while in 
Darmstadt, users can receive a maximum of € 5000 for a green 
roof. In the cities of Bonn, Cologne and Mannheim, the allocated 
stormwater fees are considerably reduced once new green roofs 
are built. Similar policies have been implemented in other coun- 
tries such as Switzerland and Austria. In Basel, users are repaid 
20 % of the cost of a green roof 156], In Toronto, there have been 
specific policies to promote green roofs in buildings with the ratio 
of 50 - 70 % of the entire building coverage. In Quebec, an eco- 
nomic incentive is provided per square meter implemented of 
green roofs [157], In the U.S., some states have established spe- 
cific policies, especially in highly urbanized area. For instance, 
in Oregon, 70 % of the roofs of Portland are going to be covered 
with a green roof [157], However, most of the policies have been 
implemented at the city level. Table 11 reports a list of current 
policies. 

Finally, green roofs are often seen as an opportunity for sup- 
porting the process of receiving sustainability labels, such as LEED 
or BREEAM [1,158,159]: this indirect policy, which comes from the 
sustainable building assessment movement, promises to be funda- 
mental for the diffusion of green roofs. 
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Table 11 

Economic benefits and barriers of green roofs and list of a few policies promoted to overcome these lasts ( the list of policies does not pretend to be exhaustive of all the policies 
promoted worldwide, it has a bias for United States policies and it aims only to constitute a reference and it) [10,11,70,74,148-151]. 


Economic benefits 


Economic barriers 


Reduce energy consumption 

Increase thermal insulation in retrofitting 

Reduce maintenance costs of roof due to lengthening life 

Reduce costs of water rain off and urban infrastructure 

Improve market and price of the buildings 

Increase usable surface of the building 

Examples of policies for the promotion of green roofs 
Germany 


Denmark 


Canada 


United States 


High construction cost 

High maintenance cost, especially with intensive green roofs or when irrigation is needed 
Complexity of construction 
Risks of failure 

Expensive integration in existing buildings if adjustments to the structure are needed 


Munich: obligation to landscape all suitable flat roofs with a surface area >100 m 2 
Esslingen: 50% of the cost of green roofs is paid back 
Darmstadt: owners receive up to € 5000 for planting a green roof 

Copenhagen: all new roofs with a roof pitch under 30° have to be landscaped, providing there is no 
structural engineering reason preventing it 

Toronto: green roofs are required for all new development above 200 sq/m. Coverage requirement 
ranges from 20% to 60% of the available roof space 

Vancouver, BC: all new commercial and industrial buildings over 5000 square meters must have a green 
roof and the developer will be exempt from development permit fees 

Austin, TX: Green Roof Density Bonus gives a density bonus of up to 8 sq/ft for 1 sq/ft of green roof 
Chicago, IL: The City of Chicago offers up to 50% of cost or $100,000 for development of green roofs 
covering 50% or more of a rooftop space 

Baltimora, MA: Stormwater Management Tax Credit is 10% of the cost for the new stormwater 
management techniques (maximum amount $10,000) 

Milwaukee, WI: Milwaukee Metropolitan Sewerage District Initiative is provides $5 per sq/ft as 
incentive to increase green roof coverage 

Minneapolis, MN: any building that improves stormwater management through green roofs receives a 
50% credit in the stormwater fees 

Nashville, TN: is promoting the installation of green roofs by providing a $10 reduction in a property’s 
sewer fees for every square foot of green roof 

New York City, NY: gives a one year tax credit of up to $100,000 (or $4.5 per sq/ft) for green roofs that 
encompass at least 50% of available roof space 

Philadelphia, PA: offers a credit against the Business Privilege Tax, of 25% of all costs incurred to 
construct a green roof up to $100,000 

Portland, OR: Through the FAR Bonus, the city offers a Floor Area Ratio bonus in its building code (extra 
3 sq/ft per foot of green roof may be constructed without additional permits). A grant reimbursement of 
up to $5 per sq/ft for reducing stormwater infrastructure with a green roof is possible 
Seattle, WA: the city offers a Floor Area Ratio bonus of extra 3 sq/ft per foot of green roof 
Washington, DC: The District’s green roof rebate program funds $5 per sq/ft of green roof 


7. Conclusions 

This paper moved from the growing interest in the use of green 
roofs and the diverse list of journals that focused on them. Review- 
ing recently published scholarly studies, this paper has analyzed 
the benefits related to the implementations of green roofs. Findings 
confirm that green roofs encompass many benefits in terms of 
environmental sustainability. 

The analysis ascertains that each layer and constituent of a 
green roof has a significant influence over the performance of a 
green roof. It is also identified that the physical characteristics of 
buildings including height, number of stories, roof design, and 
materials influence the performance of green roofs. This highly de- 
pends on the roof insulation and the climatic conditions. Identified 
environmental benefits include decreasing the level of energy con- 
sumption, decreasing the urban heat island, mitigating air pollu- 
tion, enhancing urban air quality, enhancing water run-off 
quality and stormwater management, reducing noise and increas- 
ing biodiversity. 

It was also found that the environmental benefits of green roofs 
are not only limited to the new buildings, as green roofs are prom- 
ising for retrofitting projects. Better performances of green roofs 
are in buildings without a proper insulation, more than in highly 
insulated new buildings. With respect to the energy performance 
of green roofs, different performances were identified in different 
seasons/climates. Different perspectives and perceptions (positive 


and negative) towards the performance of green roofs in winters 
or cold climate (or whenever the coupling of the green building 
with the building increases the envelope thermal capacity more 
than ideally) are reported. 

This study has placed high emphasis on the enhancement of 
water management and reduction of air pollution resulting from 
the adoption of green roofs. 

The review also provided a review of insights about the eco- 
nomic feasibility of green roofs, elucidating their undeniable ben- 
efits. Many analysts claim that the use of green roofs is an 
efficient approach towards sustainable buildings. The findings 
encourage scientists and researchers to concentrate on the further 
quantification and analytical assessment of the benefits by using 
cross-disciplinary approaches with joint analysis of aspects 
including landscape, plantations, construction, and civil, environ- 
mental and mechanical engineering. More studies about vegeta- 
tion and plants in relation to the characteristics of the climate 
should be encouraged. Investigating the preferences of users for 
ensuring the effectiveness of green roofs with a view to the social 
side could also be the focus of future studies. Likewise, s studies 
with a focus on the application of green roofs in developing coun- 
tries and vernacular buildings are needed. Meanwhile, research is 
necessary to evaluate possible policies for encouraging the use of 
green roofs. Finally, ways to assess easily the economic impacts of 
green roofs (such as through online calculators) should be 
encouraged. 
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